Lactoferrin is an iron-binding glycoprotein that belongs to the transferrin family. It is present in breast milk, in epithelial secretions, and in the secondary granules of neutrophils. In healthy subjects lactoferrin circulates at concentrations of 2-7 x 10 -6 g/ml. Lactoferrin is a pleiotropic factor with potent antimicrobial and immunomodulatory activities. Recently, we have shown that lactoferrin can also promote bone growth. At physiological concentrations, lactoferrin potently stimulates the proliferation and differentiation of primary osteoblasts and also acts as a survival factor inhibiting apoptosis induced by serum withdrawal. Lactoferrin also affects osteoclast formation and, in murine bone marrow culture, lactoferrin potently inhibits osteoclastogenesis. In vivo, local injection of lactoferrin above the hemicalvaria of adult mice results in substantial increases in the dynamic histomorphometric indices of bone formation and bone area.
Ost eoporosis is defined as a reduction in bone mass and a change in microarchitecture, which increases the susceptibility to fracture. 1 The bone loss results from imbalance between the activities of osteoclasts and osteoblasts that leads to uncoupling of bone resorption and bone formation. Osteoporosis is a major cause of morbidity and health expenditure in aging populations. 2 Until recently, antiresorptive medications such as bisphosphonates and estrogens represented the main pharmacological treatment options for patients with osteoporosis. Despite their great therapeutic value, these agents are limited in their ability to restore bone mass, and reduce the incidence of osteoporotic fracture by 50% at best. 3, 4 Consequently, there is a great interest in the development of anabolic agents designed to increase bone mineral density by stimulating bone formation. 5 Currently, only one anabolic agent, teriparatide, a recombinant formulation of a fragment of parathyroid hormone (PTH), has been approved for the treatment of osteoporosis, 6 and there is an intensive search for other potential therapeutic compounds with anabolic effects in bone.
Milk is a rich biological fluid that contains many growth factors, and provides nutrition at a time of very rapid skeletal growth and development in the neonate. Therefore, it was considered as a possible source of factors with anabolic effects on bone. We found that a number of fractions of whey protein extracted from milk have growth stimulatory effects in primary cultures of osteoblasts. High performance liquid chromatography analysis of the major proteins in the active fractions identified the presence of the glycoprotein lactoferrin in most of these fractions.
Lactoferrin is an 80 kDa iron-binding glycoprotein produced by many exocrine glands and is also a major constituent of the secondary granules of neutrophilic leukocytes. [7] [8] [9] Serum levels of lactoferrin are predominantly neutrophil-derived and in healthy subjects range from 2 µg/ml to 7 µg/ml, but during inflammation its local concentrations are much higher. 10 Lactoferrin acts as an iron-chelator, which may contribute to its antimicrobial activity, 11 but it also has effects on cell growth and differentiation, 12 embryonic development, 13 myelopoiesis, 14 endothelial cell adhesion, 15 cytokine 16, 17 and chemokine 18 production, regulation of the immune system, 19 and modulation of the inflammatory response. 20 We investigated the effects and mechanism of action of lactoferrin in bone cells in vitro and in a local injection model in vivo. 21, 22 These studies established lactoferrin as a novel anabolic factor in osteoblasts, which also reduces osteoclast differentiation, causing an overall effect of increase in bone mass through the promotion of bone formation and the inhibition of bone resorption.
Lactoferrin Stimulates Proliferation and Differentiation of Osteoblast-Like Cells
The effect of lactoferrin on osteoblast-like cell proliferation was measured using a thymidine incorporation assay. 21 Lactoferrin purified from bovine milk produced a dose-related increase in thymidine incorporation in primary rat osteoblasts (figure 1A). Similar proliferative effects were observed in primary human osteoblasts and in the two cell lines: human osteoblast-like cell line, SaOS-2, and stromal cell line, ST2. 21 The concentrations of lactoferrin that stimulated cell proliferation were within the physiological range. Recombinant human lactoferrin that was produced in mammalian cells also potently stimulated the proliferation of rat primary osteoblasts (figure 1B) excluding the possibility that the proliferative effect seen with the bovine lactoferrin was due to minute quantities of other growth factors co-purifying with lactoferrin or residual lipopolysaccharide (LPS) in the bovine lactoferrin preparation.
The effect lactoferrin has on osteoblast differentiation was investigated using a bone nodule formation assay. Confluent cultures of primary rat osteoblasts were treated with lactoferrin for 17 to 18 days in media supplemented with L-ascorbic acid-2-phosphate and β-glycerophosphate that induce osteoblast differentiation. They were then fixed and stained by Von Kossa stain. The process of bone nodule formation involves the two bone-forming activities of the differentiated osteoblasts: bone matrix deposition and mineralization. Lactoferrin, at concentrations of 100 µg and above, significantly stimulated the number of nodules and increased the mineralized area ( figure 1C ).
The effect of lactoferrin on apoptosis of osteoblasts was also studied, as the inhibition of cell death is an additional way to expand the population of osteoblasts. Apoptosis, induced in primary rat osteoblasts by a 24-hour period of serum deprivation, was inhibited 50% to 70% by lactoferrin as judged by the number of cells stained with deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) ( figure 1D ).
Thus, lactoferrin increases the number of osteoblasts capable of synthesizing new bone both through stimulation of proliferation and inhibition of cell death. It also enhances the ability of the osteoblasts to synthesize and mineralize bone matrix.
Lactoferrin Inhibits Osteoclastogenesis
Factors that stimulate osteoblast proliferation and differentiation can affect osteoclasts in different ways. Some coupling factors, such as PTH, accelerate bone turnover by inducing the activities of both osteoclasts and osteoblasts while other factors, such as amylin 23, 24 and interleukin (IL)-18, 25 induce the bone forming activity of osteoblasts and inhibit bone resorption by osteoclasts thus promoting bone accrual. Several in vitro assays were used to investigate the effect of lactoferrin on osteoclast differentiation and activity. In a mouse bone marrow culture, the number of multinucleated cells staining positively for tartrate-resistant acid phosphatase (TRAP) after 8 days in culture is a measure of osteoclastogenesis. In these cultures, lactoferrin (added on day 2 and day 4) potently inhibited osteoclast formation in a dose dependent manner showing complete arrest of osteoclastogenesis at a lactoferrin concentration of 100 µg/ml ( figure  2A ). In another study of the effects of lactoferrin on bone resorption, Lorget et al. 26 demonstrated that bovine lactoferrin reduces bone-resorbing activity in a rabbit mixed-bone cell culture. This effect appeared to be mediated by an inhibition of the development of mature osteoclasts.
The effect of lactoferrin on the activity of mature osteoclasts was measured in an isolated osteoclast culture. 21 In this assay, an osteoclast-rich suspension from rat long bones is cultured for 20 hours on bone slices. After counting the TRAP-positive multinucleated cells per slice, the number of pits excavated by these osteoclasts is determined. The number of pits per osteoclast is a measure of the mature osteoclast activity. Lactoferrin had no effect in these cultures at concentrations of up to 100 µg/ml (figure 2B). In a neonatal mouse calvarial organ culture prepared from mice that had been previously injected with 45 Ca, the release of 45 Ca into the media is a measure of mature osteoclast activity. The results from this experimental system were consistent with the isolated osteoclast assay, confirming that lactoferrin does not affect mature osteoclast activity. Taken together, these results indicate that although lactoferrin does not affect the activity of fully differentiated osteoclasts to resorb bone, it inhibits bone resorption by reducing the number of osteoclasts formed from precursor cells.
Lactoferrin Increases Bone Growth In Vivo
A local injection model was used to study the effect of lactoferrin on bone in vivo. 21 Lactoferrin was administered over the right hemicalvarium of adult male mice for 5 consecutive days while the fluorochrome labels, calcein and alizarin red, were injected subcutaneously on days 1, 5, and 14. These fluorochromes incorporate specifically into ossifying bone, and their sequential addition is used to mark the timing and location of osteoid deposition and mineralization in vivo. The animals were sacrificed 24 hours after the last fluorochrome administration. Sections from the calvaria of the lactoferrin treated mice were compared to calvaria from mice injected with albumin or with vehicle only. No changes were observed between the albumin and the vehicle-only groups, indicating that there was no nonspecific effect of protein injection. As shown in figure 3 , the distance between the first fluorochrome label and the bone surface (i.e., the measure of new bone formation) was greatly increased by lactoferrin. Assessment of dynamic histomorphometric indices indicated significant increases in mineral apposition rate and bone formation rate induced by lactoferrin. The potent effect of lactoferrin on bone area in vivo, as demonstrated in figure 3 , is most likely the result of the combined anabolic effects of lactoferrin on osteoblasts and the inhibitory effect on osteoclastogenesis that were seen in vitro.
Mechanisms of Action in Osteoblasts
The molecular mechanisms by which lactoferrin acts at the cellular level are largely unknown. Specific lactoferrin receptors have been described in mammalian cell types and tissues including monocytes, lymphocytes, platelets, liver, mammary epithelial cells, and intestine. 27 Many of these receptors have not yet been fully characterized or cloned, but lactoferrin was able to bind in a reversible, saturable, and specific manner to all these cell types and tissues. Among the putative lactoferrin receptors are the low-density lipoprotein receptor-related proteins-1 and -2 (LRP1 and LRP2) [28] [29] [30] [31] which are multi-ligand members of the LRP family of endocytic receptors. 32 Binding of lactoferrin to LRP1 and LRP2 was initially demonstrated during investigation of the inhibitory effect of lactoferrin on the hepatic clearance of chylomicron remnants. 28, 33 Later, lactoferrin was shown to stimulate a G-protein-dependent signaling pathway which regulated receptor mediated endocytosis via LRP. 34 Recent evidence suggests that LRP1 functions both as an endocytic receptor and a signaling receptor. 32, 35, 36 The 39 kDa receptor-associated protein (RAP) has been shown to co-purify and bind in vitro with high affinity to both LRP1 and LRP2. Although early studies localized RAP to the cell surface, Willnow et al. 37, 38 showed that RAP is predominantly localized in the endoplasmic reticulum and suggested that it acts as a chaperone in the biosynthesis of LRP1 and LRP2, preventing premature ligand binding during receptor trafficking. RAP was a useful tool in the study that aimed to establish the role of LRP1 and LRP2 in lactoferrin signaling in osteoblasts, as it can be added externally to the cells and specifically inhibits ligand binding to both receptors.
Lactoferrin is Endocytosed by Osteoblastic Cells
The expression of LRP1 and LRP2 in primary osteoblasts and in several osteoblastic cell lines was investigated by reverse transcription-polymerase chain reaction (RT-PCR). LRP1 and LRP2 mRNAs were present in primary neonatal rat calvarial osteoblasts, the osteoblastic cell lines UMR-106 and MC3T3E1, and the ST2 stromal cell line. The osteoblastic SaOS-2 cell line expressed LRP1 but not LRP2. 22 Lactoferrin -a novel bone growth factor Fluorochrome labels used: green=calcein, red=alizarin. Two calcein labels were given 13 days apart. The increased new bone growth in the 13-day period (i.e., distance between the 2 green calcein labels, arrowed) can be appreciated in the calvaria from the lactoferrin-treated animal. It can also be noted that there is new bone marrow formation occurring within the recently formed bone in the lactoferrin-treated calvaria. New bone formed on the injected side of the lactoferrin calvaria is partially woven (asterisk). This was only seen in the animals treated with the highest dose of lactoferrin, and probably reflects the very high rate of matrix deposition. The horizontal bar represents 50 µm. 
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A LRP1 and LRP2 have primarily been studied as endocytic receptors while lactoferrin was shown to be endocytosed by several different cell types. Therefore, the possibility that lactoferrin acts on osteoblasts through binding to LRP and entering the cell itself was investigated. Confocal microscopic analysis showed that Oregon-Green labeled lactoferrin could be visualized inside the cells 30 minutes after addition to cultures of primary rat osteoblasts ( figure 4A ). Co-staining with the membrane label DiI (1,1'-dioctadecyl-3,3,3',3 '-tetramethylindocarbocyanine perchlorate) demonstrated co-localization of the cytoplasmic lactoferrin with intracellular vesicles ( figure 4B-D) . The appearance of labeled lactoferrin inside the cells ( figure 4E ) was the result of a physiological process of endocytosis since under conditions that are known to inhibit endocytosis, including the use of hypertonic medium or placing the cultures at 4˚C, no lactoferrin could be detected in the cytoplasm ( figure 4F-G) . Pre-treatment of the cells with RAP also abolished the endocytosis of lactoferrin by primary osteoblasts (figure 4H) demonstrating that lactoferrin is endocytosed by osteoblastic cells via a mechanism that involves functional LRP1 or LRP2.
Mitogenic Actions in Osteoblasts Involve Activation of p42/44 MAP Kinases
Although members of the LRP family were mainly described as endocytic receptors, recent evidence suggests that they also act as signaling receptors. The study of possible signal transduction pathways involved in the mitogenic activity of lactoferrin in primary osteoblasts showed that lactoferrin induced the phosphorylation of p42/44 MAP kinases. 22 This phosphorylation could be inhibited by the addition of RAP to the cell cultures indicating that the mitogenic signal is mediated via LRP1 or LRP2. The significance of p42/44 MAP kinase phosphorylation to the transduction of the mitogenic signal was established by the use of two specific inhibitors of MAP kinase kinase: PD-98059 and U-0126. Treatment of primary osteoblast cultures with either of these agents inhibited the mitogenic effect of lactoferrin in a dose-dependent manner implying that lactoferrin-induced osteoblast mitogenesis involves RAP-sensitive phosphorylation of p42/44 MAP kinases.
It is therefore apparent that two pathways are activated as a consequence of the interaction of lactoferrin with LRP1 or LRP2 on osteoblasts, endocytosis of lactoferrin, and activation of p42/44 MAP kinases. To investigate whether these pathways operate independently or downstream of one another, we studied the phosphorylation state of p42/44 MAP kinases when cells were treated with lactoferrin under three different conditions where endocytosis is inhibited: placing the cells at 4˚C (figure 5), using hypertonic medium, or using phenylarsine oxide, a pharmacological inhibitor of endocytosis. Each of these treatments inhibited endocytosis of lactoferrin but had no effect on MAP kinases activation. Therefore, we conclude that, in this biological system, endocytosis and phosphorylation of p42/44 MAP kinases are independent of each other and that endocytosis is not required for the transduction of the mitogenic signal.
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Mitogenic Actions in Osteoblasts are Mediated by LRP1
The ability of RAP to inhibit lactoferrin-induced osteoblast proliferation indicates a role for LRP1/LRP2. RAP inhibition of cell proliferation is not attributable to cell toxicity, since addition of RAP alone to the cell cultures had no effect on thymidine incorporation. RAP inhibition also is not nonspecific since RAP did not inhibit the mitogenic actions of the phospholipid growth factor lysophosphatidic acid (LPA) that signals through a G protein-coupled receptor ( figure 6A ). The use of RAP does not allow discrimination between the individual contributions of LRP1 and LRP2 because both receptors are expressed in primary rat osteoblasts and RAP inhibits binding of ligands to both receptors. 39 Several experimental systems were used to differentiate between the contributions of LRP1 and LRP2 to the transduction of the mitogenic signal of lactoferrin. Pre-treatment of primary rat osteoblastic cells with an LRP1 antibody that inhibits ligand binding 40 blocks the proliferative response to lactoferrin ( figure  6A ). In addition, lactoferrin promotes mitogenesis in a dose-dependent manner in SaOS-2 cells, which express LRP1 but not LRP2. Lactoferrin-induced proliferation of SaOS-2 cells is also blocked by co-treatment with RAP. Taken together, these data strongly suggest that LRP1 functions as a mitogenic receptor for lactoferrin in osteoblastic cells.
The availability of a fibroblastic cell line established from LRP1-deficient mice (PEA13, LRP1-null) enabled a direct comparison of the mitogenic effects of lactoferrin in these cells to the effects in a fibroblastic cell line that expresses wild-type LRP1 (MEF-1, LRP1-wt). As shown in figure 6B , LRP1-wt cells proliferate in response to lactoferrin, while the proliferation of the LRP1-null cells was significantly abrogated. Further, addition of RAP to cultures of LRP1-wt cells reduced the proliferative response to a level equivalent to that observed in the LRP1-null cells. These data provide direct evidence that LRP1 functions as a mitogenic receptor for lactoferrin.
Discussion
The studies reviewed here provide the first evidence that lactoferrin is a promoter of osteoblast growth that also acts as an inhibitor of osteoclastogenesis in vitro, and increases local bone formation in vivo. 21, 22, 41 The effects of lactoferrin on proliferation and survival of osteoblasts exceed those of other established anabolic factors that were tested in the same in vitro assays including transforming growth factor-β, PTH, amylin, and insulin. 42 The combination of increased osteoblast proliferation, survival, and differentiation together with inhibition of osteoclast formation are likely to contribute to the potent stimulation of bone formation seen in the in vivo model following the administration of lactoferrin. The bone growth resulting from local lactoferrin injection is considerably greater than what we have found previously in response to factors such as insulin, amylin, adrenomedullin, C-terminal PTH-related peptide, calcitonin, or calcitonin gene-related peptide in the same model. 24, [43] [44] [45] Further examination of the animals that were locally injected with lactoferrin showed increases in new bone formation on the intracranial aspect of the calvariae and on the contralateral, uninjected hemicalvariae. This observation provides further evidence that lactoferrin is a very potent bone growth factor. However, its effect on bone formation in a long-term, systemic model remains to be established.
It is possible that lactoferrin has a physiological role in skeletal development or homeostasis. Lactoferrin is expressed in the embryo 13 and could play a role in the development and function of chondrocytes and osteoblasts in the fetal skeleton. Lactoferrin is present in very high concentrations in colostrum as well as in milk. There is some evidence that large proteins, such as lactoferrin, can cross the neonatal gut and enter the systemic circulation. 46 Thus, it is possible that the anabolic actions of lactoferrin might continue into the neonatal period. In adult animals, although some groups studied the biological effects of orally administered lactoferrin, [47] [48] [49] the effect on bone formation has not been determined. The main source of lactoferrin in the circulation of the adult is the secondary granules of neutrophils. A recent study suggests that mice have a large reservoir of functionally competent neutrophils in their bone marrow 50 which implies that under certain physiological conditions bone cells could be exposed to a high local concentration of lactoferrin. Systemic levels of lactoferrin can reach concentrations as high as 200 µg/ml during inflammation. 51 Therefore, in these inflammatory states, lactoferrin may play a role in counter-balancing the catabolic effects on the skeleton from some of the mediators of the inflammatory response.
Lactoferrin plays an important immunomodulatory
Lactoferrin -a novel bone growth factor function 20 decreasing the secretion of a number of osteolytic cytokines. Therefore, its direct effects on the activity and development of bone cells appear to be complemented by these cytokine-mediated effects.
The physiological role of lactoferrin has recently been studied in lactoferrin-deficient mice produced by homologous gene targeting. 52 The mice were viable and fertile, developed normally, and displayed no overt abnormalities, although their skeletal phenotype has not been determined in detail. It is possible that in the absence of lactoferrin, as is sometimes seen in deficient mice models, other similar proteins can substitute and provide the missing functions.
The identification of LRP1 as a functional lactoferrin receptor in osteoblasts 22 provides a mechanistic explanation for the anabolic skeletal actions of lactoferrin and suggests a novel pathway through which bone anabolism might be regulated physiologically and/or pharmacologically. A recently published report also demonstrated the expression of LRP1 in osteoblastic cell lines and suggested a role for LRP1 in delivery of lipoproteins and vitamin K1 to bone. 53 It is noteworthy, in this regard, that LRP5 and LRP6 (non-endocytic members of the LRP receptor family that are structurally related to LRP1) have been recently identified as critical regulators of osteoblast function and skeletal mass. 54, 55 Whether there is overlap between the skeletal functions of these two receptors and that of LRP1 is currently unclear.
The development of lactoferrin as a pharmaceutical or "nutriceutical" agent is still in the early stages. Different formulations of lactoferrin are being designed and tested to optimize its bioavailability. The animal studies need to be extended to include a systemic administration model, as well as models of increased bone resorption, such as ovariectomy. The mechanisms of action of lactoferrin on bone cells also require further investigation as the pathways through which lactoferrin acts to inhibit osteoclastogenesis are largely unknown. It would be interesting to determine changes in gene expression levels induced by lactoferrin in bone cells and to study the interactions of lactoferrin signaling with other pathways that are known to play a major role in bone physiology.
In summary, the naturally occurring glycoprotein, lactoferrin, is anabolic to bone in vivo, an effect that is consequent upon its potent proliferative, differentiating and anti-apoptotic actions in osteoblasts and its ability to inhibit osteoclastogenesis. LRP1, the receptor that mediates the anabolic actions of lactoferrin in skeletal tissue, functions as a mitogenic signaling receptor in osteoblasts. Lactoferrin may have a physiological role in bone growth, and could be considered as a potential therapeutic agent for bone disorders, such as osteoporosis, and might have utility as a local agent to promote bone repair.
